in the Kruger National Park, South Africa VP1 gene sequences ofSAT-2 type foot-and-mouth disease (FMD) virus isolated from impala and African buffalo in the Kruger National Park (KNP), were used to determine intra-and interspecies relationships of viruses circulating in these wildlife populations. In this way, five distinct lineages ofSAT-2 virus were identified in routine sampling ofoesophageo-pharyngeal epithelium from buffalo between 1988 and 1996. The different lineages were each found to be associated with a discrete geographic sampling locality. The results presented here clearly show that over the period 1985-1995, four unrelated epizootics occurred in impala in defined localities within the KNP. Evidence for natural transmission ofFMD virus between buffalo and impala is presented for the most recent 1995 outbreak, with data linking the 1985 and 1988/9 impala epizootics to viruses associated with specific buffulo herds. Circumstantial evidence indicates that juvenile buffalo infected for the first time are the most likely source of infection for impala and that conditions driving these species to share habitats are likely to facilitate inter-species transmission.
The Kruger National Park (KNP) is situated in the north eastern comer of South Africa (between 22°25' and 25°32' latitude south and 30°50' and 32°02' longitude east) and is bordered by ""Of the eighteen southern African wildlife species found to have antibodies to FMD (Condy et al. 1969; Keet et al. 1996) , only the African buffalo has been shown to be an efficient maintenance host of the virus (Condy et al. 1985) and is considered the primary source of infection for domestic and wild ungulates. This is due to its ability to both maintain and transmit the disease (Thomson 1996) , with transmission from carrier buffalo to cattle being demonstrated under both ,-!-/ experimental and natural conditions (Hedger & Condy 1985; Dawe et al. 1994a; Dawe et al. 1994b; Vosloo et al. 1996) . In contrast, evidence offield transmission between buffalo and other tY cloven-hoofed wildlife species is lacking despite the co-occurrence of buffalo and a variety of antelope in game parks throughout southern Africa and the known susceptibility of some antelope species to FMD virus (FMDV) infection (Hedger et al. 1972; Anderson et al. 1975 ).
In South Africa, the diagnosis of clinical FMD in impala has been regularly recorded since 1944 (Rossiter & Albertyn 1947; Meeser 1962; Vosloo et al. 1992; Keet et al. 1996) . Over 90% of these outbreaks have occurred in the months of June to November within the southern region of the KNP. This area, south of the Olifunts river ( Fig. 1 ) coincides with the region of the KNP that q., is most densely populated by both impala and buffalo (Pienaar et al. 1966; Pienaar 1974) . In
3~addition, the months of June to August are generally rain-free and therefore a period of water .:;.'; scarcity, which leads to animals congregating at permanent water points (Keet et al. 1996) . This :;!is believed to facilitate disease transmission and is supported by the observation that somẽ I..e
• A outbreaks in impala have spread along water courses (Vosloo et al. 1992) . In addition to shared drinking water, mutual grazing of at least three grass species by impala and buffalo (Skinner & Smithers 1990 ) is another factor promoting selection of common environs.
Despite the high incidence of outbreaks in impala (Keet et al. 1996) and the active collection and characterization of viruses obtained from buffalo in recent years (Vosloo et al. 1995) , direct evidence of natural transmission between these species is lacking. VPl gene nucleotide sequence analysis has, however, been instrumental in determining the apparent unrelatedness of successive epizootics in impala (Vosloo et al. 1992; Keet et al. 1996) . In a study of FMD outbreaks in impala from 1983 to 1989 , Vosloo and co-workers (1992 showed that viruses isolated 6 months apart were derived from the same epizootic. A later study focussing on the 1992/3 epizootic in the KNP identified a potential circulation period of 12.8 months (Keet et al.1996) . Although these results infer the possibility of viral persistence in impala populations, other studies have shown experimentally, that infected impala develop clinical lesions and excrete virus, but that most do not become carriers (Hedger et al. 1972) . This was confirmed in a separate study which showed that virus could not be isolated from any tissues of infected impala, 7 or more days after inoculation (Anderson et al. 1975) . Given the low antibody levels of impala during inter-epizootic periods and their apparent inability to act as long term carriers, it is unlikely that these antelope are capable of maintaining the disease independently and therefore African buffalo are presumed to be the usual source of infection for impala (Keet et al. 1996) .
In order to detennine whether buffulo are indeed the source of infection for impala, a twelve year study period (1985 to 1996) was identified in which clinical FMD was diagnosed on six occasions in impala inthe KNP (Fig. 4 .1). The availability of impala isolates from these SAT-2 epizootics and lJu:ffiUo field strains collected within the same time period, together with improved SAT -type genetic characterization methods (Bastos 1998a), prompted an investigation to determine whether inter-species transmission could be demonstrated.
Viruses used in this study
Impala viruses used in this study originated from the southern and central region of the Kruger National Park, South Africa ( Fig. 4 . 1). Impala viruses were isolated on pig kidney cells (PK) from clinical FMD lesions recovered during the epizootics of 1988, 1989, 1992, 1993 and 1995. Tissue culture isolations ofan impala virus from the 1985 outbreak was supplied by the World Reference Laboratory, Pirbright. Oesophageo-pharyngeal specimens (probangs) obtained from buffalo during routine surveys in the KNP from 1988 to 1996 .2), were used as a source of viruses circulating in buffalo. The geographical and species origin of all viruses included in this study are summarized in viruses by a modified guanidinium thyocianate /silica method (Boom et al. 1990) . A 500 bp fragment corresponding to the C-terminus region of the VPl gene was amplified, purified and sequenced as described in Chapters 2 and 3. Nucleotide sequences were aligned (Harley 1994) and an homologous 414 nt sequence was identified and selected for further analyses. Pairwise comparisons of amino acid and nucleotide sequences of impala outbreaks strains and field strains of carrier buffalo were determined using the MEGA programme (Kumar et al. 1993) . Various distance and parsimony methods included in MEGA were also usedto construct VPI gene trees. The cattle outbreak stain, ZIM/7/83 from Zimbabwe (Genbank accession No: AF023523) was selected as an outgroup for the phylogenetic analyses, due to it's distant geographic and genetic relationship to KNP viruses (Bastos 1998a). All nucleotide sequences used in this study have been submitted to Genbank under the accession numbers indicated in Table 4 .1.
Genetic relationships of impala viruses
Four genetically unrelated impala virus lineages were identified by VP 1 gene sequence analysis ( Fig. 4. 3), each from a distinct geographical area indicated in the figure as follows: (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) . Bootstrap values indicated as a percentage were determined by 1000 replications.
Genetic relationships of buffalo viruses
VPl gene trees of SAT-2 type FMDV were used to identify the major buffalo virus lineages within the Kruger National Park. Both distance methods (UPGMA and neighborjoining) and character-based phylogenetic inference methods produced trees with identical topology (results not shown). The neighbor-joining tree depicted in Fig. 4 .3 indicates that there are five distinct buffalo virus lineages (coded A-E) south ofthe Olifants river ( Fig.   4 .2), which cluster according to geographical origin in the following manner:
(A) Monzweni (1995) , Ripape (1989) , Rietpan (1988) and Matjipiri (1989) Fig. 4 .3 confirm the spacial rather than temporal grouping ofFMD viruses, as exemplified by Cluster A (1988 Cluster A ( -1995 and Cluster B (1991 Cluster B ( -1996 . Overall sequence identity (sites complete conserved across all sequences) for the 20 buffalo viruses used in this study was 59.9 % across the 414 nt regions specified in this study. Amino acid sequence identity for the same region was 74.6 %.
Inter-species relationships of impala and buffalo viruses
The combined buffalo and impala data-set was used to determine inter-species relationships of viruses ( Fig. 4.3 to distinct buffalo genotypes can be deduced from the phylogenetic analyses of the VPl genotypes of the viruses involved. One of the impala outbreaks, which occurred in 1992/93 could however not be linked to any buffalo field strains.
The high nucleotide sequence identity (>99%) between the 1995 impala viruses and the 1996 buffalo virus is significant, especially in view of the extent of the genetic variation in the maintenance host species. Amino acid sequence identity of the twenty buffalo field strains used in this study was found to be 74.6 %. Similar intratypic sequence identity determinations for European serotype viruses from diverse geographical origins ranged from 73 % to 83 % (Domingo et al. 1990) . Clearly the corresponding level of sequence variation (25.4 %) within a buffalo from single game park and country exemplifies the high level of intratypic variation found in the SAT types as it surpasses or almost equals that determined for serotypes A, 0 and C.
The superimposition of the geographical localities of impala (Fig. 4 .1) and buffalo viruses ( Fig.   4 .2) indicates that shared habitats between these species are likely to be important in transmission, as the origin of impala outbreaks overlap with the geographical range of the buffalo herds to which they can be linked. Although the sampling date of the buffalo viruses did not always coincide with the year of the impala outbreak to which they were linked, it was shown that buffalo viruses group on the basis of geographic origin, rather than year of isolation, viz. relationships are spatial rather than temporal. Studies of buffalo behaviour have determined that buffalo herds have defined home ranges which they use continuously for several years (Mloszewski 1983; Funston et al. 1994) . This explains the recovery of related viruses from discrete localities even when separated in time and explains the close genetic relationship between temporally unrelated buffalo viruses from a specific locality. Thus, the clustering of the 1991 buffalo virus with the 1985 impala outbreak strain is not surprising because it is representative of the buffalo herd from which the outbreak strain probably originated. It is known that buffalo home ranges can increase significantly in response to ecological pressures (Funston et al. 1994) and may vary from approximately 40 to 1000 square kilometres (Mloszewski 1983; Funston et al. 1994) , with home range size being dictated by game park boundaries and other buffalo herds. In addition, bulls are known to move between buffalo herds (Mloszewski 1983). These factors would contribute to the findings of this study which demonstrated that some buffalo viruses obtained from the southern and northern regions of the study area are clearly more related than expected. This study provides the first documented evidence of field transmission between buffalo and impala. As more southern African countries attempt to obtain and retain FMD free zones, it is of fundamental importance to elucidate the role of different wildlife species in the epidemiology of the disease so that appropriate disease control measures are implemented. Clearly, additional factors should be investigated in order to fully understand the epidemiological significance and to permit more accurate risk assessment of this antelope species. These include studies confirming or refuting circumstantial evidence pointing to the role of impala as intermediaries in disease transmission and studies determining the importance of environmental factors in facilitating interspecies transmission ofFMD.
Phylogeographic distribution of SAT -type foot-and-mouth disease viruses in Mrican buffalo populations in southern Africa
In order to assess the genetic variation and relationships of SAT-type viruses within African buffulo populations in different regions in southern Africa, 30 viruses representative of each the SAT-types were selected for this study. The C-terminus half of the immunogenic VPl gene was sequenced and relationships were resolved by phylogenetic analysis of the nucleotide data.
Independently evolving virus populations were identified for each of the three SAT serotypes endemic to southern Africa, with members of the same genotype being defined as those sharing at least 80 % nucleotide sequence identity across the C-terminus region of the VPl gene, specified
here. Most genotype distributions were shown to correspond with discrete geographic localities in the following manner: Genotype I: South Africa and southern Zimbabwe; Genotype II:
Botwana, Namibia and western Zimbabwe; Genotype III: Zambia and Malawi; Genotype IV:
northern Zimbabwe.
Intra-and intertypic analyses revealed that regions ofhypervariability within the SAT -type viruses correspond with immunogenic sites A (G-H loop) and C (C-terminus region) of the VPl gene.
In addition, SAT-l and SAT-3 type viruses were shown to accumulate mutations in the H-I and Furthermore, buffalo are known to be efficient maintenance hosts of SAT -type FMD viruses (Condy et al. 1985) and have been shown to be the ultimate source of infection for livestock and wildlife species (Dawe et al. 1994a; Bastos et al. 2000) . Historically, buffalo had a continuous distribution throughout sub-Saharan Africa, but although still widespread, populations are now fragmented due both to natural causes and human intervention. The 1889-1897 rinderpest pandemic which swept through Africa, resulted in an estimated 10 000 fold reduction in buffalo numbers (Sinclair 1977) . This may have resulted in some ofthe southern-most pockets of buffalo becoming free offoot-and-mouth disease (Esterhuysen et al. 1985) . However, most populations throughout southern Africa retain high infection rates with SAT-type viruses.
The three SAT types (1, 2 and 3) which are endemic to sub-Saharan Africa, differ from each other with regard to geographic distnbution, infection rates in wildlife and incidence in FMD outbreaks Despite the wide range of variation in the SAT-types it is difficult to identifY specific immunological subtypes (Pereira 1977; Esterhuysen 1994) .
Genetic characterization of SAT-type viruses of African buffido has mainly addressed the variation within the Kruger National Park (KNP), South Africa (Vosloo et al. 1995; Bastos et al.1999; Bastos et al. 2000) . Comparisons of SAT-1 viruses from South Africa with viruses from two game parks outside South Africa have however revealed that viruses circulating in buffalo in South Africa appear to be genetically distinct from buffalo viruses of Zambia and Zimbabwe (Vosloo et al. 1995; Bastos 1998a) . Despite the limited sequence data that is presently available for SAT -type viruses, the genetic characterization of viruses of the maintenance host has been shown to be useful for determining the origin of FMD outbreaks in livestock and wildlife (Dawe et al. 1994a; Bastos et al. 2000) . representative of as many southern African countries as possible, were selected for genetic characterization. The geographic origin and strain designation of these viruses is summarized in Table 5 .2 (SAT-I viruses), Table 5 .3 (SAT-2 viruses) and 
RNA extraction, cDNAsynthesis and PCR amplification
RNA was extracted from PK isolations or low passage cell culture specimens by a modified guanidinium-based nucleic acid extraction method (Boom et al.1990 ). The RNA viral template was reverse transcribed using AMV-RT (Promega) in the presence of random hexanucleotides 
Analyses of the partial VPl gene sequencing data
Phylogenetic analyses followed the methods advocated by Martin and co-workers (1995) for the analysis of partial VP 1 gene sequences of FMD viruses. Briefly, nucleotide sequences were translated and aligned using the DAPSA programme (Harley 1994) and neighbor-joining trees using the Jukes and Cantor (1969) algorithm were constructed. In order to identify the virus clusters that are well-supported (and repeatedly recovered), 1000 bootstrap replications were performed and a 60 % majority consensus rule was applied.
Amino acid variability and secondary structure prediction
Amino acid sequence data of 30 buffalo viruses of each serotype were aligned and used to plot VP1 gene variability, using the MEGA programme (Kumar et al. 1993) . Analyses were performed with overlapping windows of 10 amino acids, with windows containing 7 or more variable sites, being considered hypervariable. Secondary structure predictions were performed with the nnpredict programme (Kneller et al. 1990) , which was available through the BCM search launcher at http://www.cmpharm.ucfs.edu. Tertiary structure could only be inferred by aligning SAT-type reference strains with that ofa type 0tBFS (Makoff et. al. 1982) whose tertiary structure has been resolved (Acharya et. al. 1989 ). As these three viral genotypes correspond to three geographically independent regions, the term 'topotype' is used to reflect this association. This grouping of viruses on the basis of geographical origin has previously been described for serotype 0 FMDV (Knowles et al. 1997 ) and for nwnerous unrelated viruses (Deubel et al. 1986; Kerschner et al. 1986; Monath et al. 1986; Calisher et al. 1987; Chu et al. 1989; Lindsay et al. 1993; Yanagihara 1994) .
Phylogeographic distribution of SAT -2 buffalo viruses
Four major SAT-2 viral lineages ( Fig. 5.3) were similarly obtained when a phylogeny was inferred using partial VP1 sequence data corresponding to amino acid positions 89-216.
The geographical distrIbution of viruses (indicated in Fig. 5.4) On the basis of these results, viruses of the same SAT-2 genotype are defined as those sharing at least 80 % sequence identity across the C-terminus region ofVP1 specified in this study. In contrast to the genetically and geographically distinct grouping of SAT-1 viruses, co-circulation of2 distinct genotypes within Botswana and Namibia was observed for the SAT-2 serotype (Fig. 5.4) . The map depicting geographic distribution ofSAT-2 variants in southern Africa clearly shows that viruses originating from the Okavango Delta (Botswana) and from the eastern tip of the Caprivi strip (Namibia) fall within two subclusters of genotypes II and III and have overlapping distributions. In particular,
BOT/29/98 and SWNl/89 are the only viruses originating from Botswana and Nannbia that appear to be genetically more closely related to Zambian viruses (Genotype III) than to other viruses originating from Botswana and Namibia (Genotype II).
Phylogeographic distribution of SAT -3 type buffalo viruses
Four viral lineages were identified for SAT-3 type viruses from southern Africa when a phylogeny was inferred using partial VP1 sequence data ( 
Phylogeographic comparison of the three SAT-type viruses in southern Africa
Sequence identity (percentage of sites that are completely conserved across all the sequences being analysed) within each of the SAT-type buffalo virus genotypes was determined (Table 5 .5). Overall variation within the homologous region of the VPl protein characterized in this study was highest within SAT-3 and lowest in SAT-l (on amino acid level). In addition, SAT-l has the lowest number of distinct viral lineages despite having a widespread distribution throughout sub-Saharan Africa. In contrast,
SAT-3 which has the most restricted distribution, has the highest level of intratypic variation and occurs as four independently evolving virus clusters. Levels of nucleotide sequence variation by topotype ranged from 32 % to 33 % and from 20 % to 23 % on amino acid level (results not shown). 
Structurally and immunologically important amino acid sites in SAT-2 viruses
Amino acid alignment ofthe 30 SAT-2 buffalo viruses ( in SAT-2 serotype, were extremely variable, but none ofthe SAT-2 viruses characterized here had an 'ROD' at this site.
Structurally and immunologically important amino acid sites in SAT-3 viruses
The 'ROD' cell-attachment motif (position 145-147) is completely conserved in the 30 SAT-3 buffalo viruses sequenced (Fig. 5.9) . A leucine occurs at position 148 in 20 of these buffulo strains whilst a methionine is present in the remainder. This is in contrast to the SAT-1 in which a leucine, adjacent to the RGD motU: occurs in all but one strain. In common with the SAT-1 and SAT-2 type viruses, Leu-151 (corresponding to in SAT-I) and Pro-164 (which corresponds to Pro-166 in SAT-I) is completely conserved in the SAT-3 serotype. These two sites are also conserved in serotype A viruses where they are known to be of immunological importance fur antibody recognition (France et al. 1994) . Similarly, Cys-l33 (corresponding to Cys-l35 of SAT-I) at the base of the G-H loop (Fig. 5.10 
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ET lTELLVRMKRAELYCPRP lLPlQPTG--DRHKQPLVAPAKQ LL ****** **** * ** By combining the amino acid alignment data .9) with the predicted tertiary structure of type 01BFS (Fig. 5.10) , and the results of the amino acid hypervariablility plots, it was possible to identifYthe virus protein regions where mutations could be accommodated. Not surprisingly, mutations were not randomly distributed. In each of the SAT serotypes, the O-H loop and C-terminus regions were shown to be hypervariable (Table 5. These genetically independent entities generally correspond to geographically discrete regions, in all serotypes but SAT-2, where two distinct genotypes were shown to be circulating simultaneously within Botswana and Narmbia. Exclusion of two viruses from the SAT -2 buffalo virus dataset (SWA/1/89 and BOT/29/98), would however result in a similar phylogeographic distribution pattern to that observed for the remaining SAT -types. This indicates, that these viruses are perhaps the exception rather than the rule and may be due to incomplete field data. The strict structuring of viruses according to geographical origins is not supported by similar geographical structuring in populations of the host species (Simonsen et a1. 1998) . A recent study ofvirus relationships in buffulo populations has however shown that virus genotypes are distinct within different buffulo herds in a single game park (Bastos et al. 2000) and that the core buffalo herd unit and home range remain largely unchanged from year to year (Mloszewski 1983) . In addition, the once coherent buffalo population ranging over most of sub-Saharan Africa (Mloszewski 1983) became fragmented by heavy hunting pressure and as a result of the decimation of this species by the rinderpest epidemic as well as the restriction of buffalo movement enforced by fencing. Together, these factors are likely to have resulted in a drastic reduction in field strain variants and in the localization of genotypes to specific areas. The extensively variable yet structured virus population, presently observed is the probable result of a severe genetic bottleneck, coupled with the rapid evolution of SAT -type viruses of buffalo (Vosloo et al. 1996) , within confined areas.
The genetic characterization of diverse SAT -1 type viruses, has provided insight into important features in the two highly immunogenic sites in the VPl gene, namely the GH-Ioop and Cterminus region Sequence alignment of SAT-type viruses with structurally and genetically well- et al. 1988; France et al. 1994; Mateu et al. 1996) .
Intra-and intertypic comparison on partial VP 1 gene sequences has provided some insight into the antigenic variation observed for SAT-type viruses. Although many interesting structural implications can be identified by this means, the lack of information on the atomic structure of the SAT-type viruses severely restricts the usefulness of the amino acid data generated here. It can however be predicted that conformation epitopes are likely to be important antigenic determinants for these FMD virus serotypes. This cautions against the use ofVPl gene sequences alone in the development of recombinant vaccines.
Although most southern African countries appear to have a single SAT viral topotype within their borders, these topotypes are usually shared between two or more neighbouring countries, emphasizing the need for a regional approach to disease control if effective management ofFMD is to be achieved. The restriction ofFMD infected buffillo populations to game parks in the northeastern extremes of South African and Nanubia, facilitates the control of the disease in these countries. In contrast, control of the disease in Zimbabwe is complicated by the presence of between three to four topotypes per serotype within its borders and the dispersed distribution of FMD-infected buffulo populations in various game parks throughout all but the central region of the country. The presence of multiple topotypes within Zimbabwean borders explains the significantly higher levels of intratypic variation observed for SAT -type viruses from this country.
This heterogenous genetic resource is likely to give rise to a wide range of antigenic variants and needs to be addressed for effective control of the disease through vaccination.
Studies based on partial VPI gene sequences are clearly vital for understanding aspects which are unique to the epidemiology ofFMD in southern Africa. In this study, the importance of a regional approach to disease control through vaccination was inferred on the basis of the strict geographical clustering of independently evolving virus populations. The virus characterization approach outlined also provides a means of determining the geographical origin of buffalo infected with SAT -type viruses. This may assist in disease control by acting as a deterrent to illegal movement of diseased buffalo between game parks in southern Africa. The establishment of a SAT buffalo virus database in which regional variants are well-characterized potentially provides a useful means of determining the origin and course of contemporary and historical outbreaks in southern Africa and will be investigated further in Chapter 6.
